ABSTRACT
WILM5 TuMOR (WT),3 or nephroblastoma, is the most common intraabdominal solid tumor of childhood, which arises in 1 per 10,000 children.
This renal tumor typically affects children before the age of 6 years; the median age at diagnosis is 3.5 years. As a result, the 180 carboxyl-terminal amino acids containing the four zinc fingers are absent from the mutant protein.
Of interest was the observation that the second event in each tumor was different; in the left 'NT the wild-type allele was lost due to somatic recombination, whereas in the right tumor itwas lost due to chromosome loss and duplication. Both tumors lostthe maternal lip allele,indicating that the germinal iipi3 mutation resided on the paternal chromosome. Subsequently, a 17-bp exon 4 deletion was reported in the 'NT of a patient with bilateral disease and genitourinary malformations (Table 1 , #5) (30).
The predicted 'NTi protein contains a frameshift that is expected to cause early termination of translation, again eliminating the zinc fingers (30). These same authors also reported a homozygous WT1 mutation in a patient whose father had been treated for 'NT as well (Table 1, #6 ). This patient was born with hypospadias and bilateralcryptorchidism and developed 'NT at the age of 3 years. In thiscase a single nucleotide deletion found in exon 6 is predicted to cause early termination of translation(30). In another case (Table 1,#7) , a homozygous C to T transitionin exon 9 was shown in the right 'NT of a 11-month-old patient with bilateral 'NT (31). This transition mutation would convert an arginine residue (predicted to be involved in a guanine contact (32)) into a stop codon. A 'NT in the left kidney of this same patient was also analyzed and showed the same mutation but in itsheterozygous state (Table 1,#13 ).Both tumors were also shown to carry a T to G transversion in the intron between exon 7 and exon 8 (31). However, the presence of thisintronicmutation in the unaffected father of thispatient suggests that this alteration probably represents a polymorphism (31).Another example of a homozygous WTJ mutation in hereditary 'NT was demonstrated in the tumor specimen of a girlwho presented with unilateralsporadic 'NT at the age of 11 months (Table 1,#8) (33).The de novo germiine mutation in thiscase involves a C to T transitionin exon 8 predicted to convert arginine to a premature stop codon (33). itwas homozygous for the remainder of chromosome 11 as the consequence of a nondisjunction event resulting in lossand duplication of the chromosome. It ispossible that the early loss of one parental chromosome ii was a random process, but it is also conceivable that this event rendered an earlier event elsewhere on chromosome 11 (lip15, for example) homozygous (33). If this was the cause, then more than one gene could be involved in the development of this 'NT. This notion is not inconsistent with the two-hit hypothesis itself, as it predicts two rate-limitingsteps but does not exclude additional genetic events that may be more frequent and may contribute to 'Nilms tumorigenesis. Additionalsupport for thishypothesis can be derived from observations by Henry and co-workers (36), who found that two 'NAGR patients with a constitutional lipl3 deletion show tumor LOH restrictedto liplS. In these cases, the initial event would be the lipl3 lesion,transmitted in the germline, whereas the second somatic event is represented by chromosomal lossat llpl5,which somehow iseffectivein a transdominant suppression of WTJ function.
However, caution in interpreting these data is warranted, because it is possible that LOH for llplS markers reflects homozygous inactivation of WT2 (see below), the putative 'NT suppressor gene at 11p15. 394Arg (a mutation in WTJ exon 9, which encodes the third zinc finger).
This mutation has been reported in 20 of 36 (m 56%) affected cases. Other less common missense mutations affect amino acid residue 396Asp (exon 9 mutation), 377His (exon 8), 373His (exon 8), 366Arg (exon 8), and 330Cys (exon 7). A frameshift mutation starting at amino acid 387Thr (exon 9) as well as a nonsense mutation at 275Asn (exon 6) have also been reported.
In addition, an intron 9 mutation, which prevents splicing at one of the alternative splicedonor sitesof exon 9, has been reported in three DDS patients, and an lipl2-l3 deletion was demonstrated in a fourth.
Finally,there has been one case reported with no mutations in the coding sequence of WTJ, although an intron 9 mutation has not been excluded. While mutations affecting different WT1 exons can give rise to DDS, exon 9 seems to be a 'hot spot'for constitutionalmutations causing the DDS (see Fig. 4 ), with most of these mutations being missense The bars indicate the position of the DDS mutations.
The number underneath the bar designates the DDS case described in Table 2 Fig. 3 ), whereas the majority of mutations described in DDS are dominant missense mutations ( Table  2 , Fig. 4) . Most of these missense mutations affectamino acids that have been shown in other zinc finger proteins to be involved in coordinating the zinc ion or in making contacts with the DNA (32) (see Fig. 1 ).The most common DDS mutation, 394Arg-394Trp,isespeciallyinterestingin this regard as it altersan amino acid probably involved in sequence binding specificity, raising the possibilitythat this particular mutant WT1 protein might exert itsinfluence on phenotype as a resultof binding to inappropriate DNA sequences. Although a singlemissense mutation affectingzinc finger 1 has been described, the DDS alterations occur primarily in the second and third zinc fingers.Furthermore, all of the missense mutations described to date affectthe DNA binding ability of the predicted protein product. The significanceof thisisparticularlyevident in the DDS mutation affectingthe alternativesplicebetween exons 9 and 10. In these patients (Table  2 , #26, #27, and #28) the only predicted abnormality is in the relative abundance of two otherwise normal transcripts whose predicted protein products have been shown to differin their DNA binding properties (21).However, the high degree of sequence conservation between rodents and humans within the WT1 gene (44) is not restrictedto the zinc finger domains, suggesting that the remainder of the protein is also under strong evolutionary selectionpressures. Perhaps missense mutations in other functional domains result in as yet undiscovered phenotypes. In attempting to correlate alterations in predicted protein sequence with phenotype, there are currently no published reports demonstrating the expression of altered WT1 protein in any tumor or DDS patient.It ispossible that at least some of the mutations described here do not express a stable protein product.
Most single nucleotide mutations in WTJ occur at an arginine residue. This is true for five of the six single nucleotide mutations described in Fig. 3 (three mutations in Fig.  3 are multiple nucleotide deletions)and for 22 of the 34 DDS shown in Fig. 4 . Transitions at CpG dinucleotides also contribute heavily to the p53 mutation frequency in many cancers, although the fraction of tumor mutations that are transitionsat CpG sitesvaries greatly from one cancer type to another.
Moreover, more than one-third of all point mutations giving riseto human genetic disease are due to mutation from CpG to TpG, despite the rarityof CpG and the existence of a dedicated repair system. The unusual mutability of CpG dinucleotides is attributed to the presence of 5-methylcystine residues found at these dinucleotide sites. (11, 12) . The finding that this LOH occurs along with LOH at ilpl3 and lipiS (12) suggests that the l6q locus is more likely involved in tumor progression than in tumor initiation. Preliminary data indicating an associationof i6q LOH with poor prognosis (P. Grundy, personal communication) supports this notion. The existence of a WT locus in addition to those at llpl3, ilpiS, or i6q is indicated by lack of linkage to any of these three loci in familial 'NT (55) (56) (57) 
